Tuberculosis is a worldwide public health threat caused by Mycobacterium tuberculosis. The first interaction between macrophages and mycobacteria determines the outcome of infection and depends on both macrophage activation and the number of bacilli. Low numbers of mycobacteria induce cellular activation and production of proinflammatory cytokines [1], whereas higher numbers of bacilli induce apoptosis in macrophages [2, 3] . Of interest, proinflammatory cytokine synthesis and ap- Moreover, a TNF-a-independent apoptotic pathway involving cytosolic phospholipase A 2 has also been described [8] . Apoptotic stimuli can be directly triggered by bacterial components targeting either the caspase cascade [9] or Toll-like receptors (TLRs) [10, 11] . In previous studies, we have shown that a monoclonal antibody (MAb) specific for the cell wall-associated mycobacterial 19-kDa lipoprotein (lqpH/Rv3763) almost completely inhibited M. tuberculosis-induced apoptosis in monocytes/macrophages during the early stages of inDownloaded from https://academic.oup.
optosis may have similar molecular pathways involving caspase-1 [4] . Consistent with this idea, we have recently shown that interleukin (IL)-1b and tumor necrosis factor (TNF)-a are produced by apoptotic cells during the course of M. tuberculosis-induced apoptosis [5] . Some of the mechanisms responsible for apoptosis in macrophages during the course of mycobacterial infections have already been described. The involvement of TNF-a in apoptotic signals has been described in both in vitro [6] and in vivo [7] models of infection. Moreover, a TNF-a-independent apoptotic pathway involving cytosolic phospholipase A 2 has also been described [8] . Apoptotic stimuli can be directly triggered by bacterial components targeting either the caspase cascade [9] or Toll-like receptors (TLRs) [10, 11] . In previous studies, we have shown that a monoclonal antibody (MAb) specific for the cell wall-associated mycobacterial 19-kDa lipoprotein (lqpH/Rv3763) almost completely inhibited M. tuberculosis-induced apoptosis in monocytes/macrophages during the early stages of in-fection [12] . Recently, a polypeptide component of the 19-kDa lipoprotein has been shown to be responsible for apoptosis in macrophages [13] . In addition, the active N-terminal peptide of the M. leprae 19-kDa lipoprotein can trigger apoptosis in Schwann cells via TLR2, contributing to nerve damage in leprosy [14] . The 19-kDa lipoprotein is expressed by M. tuberculosis and some other slow-growing mycobacteria, such as M. bovis bacille Calmette-Guérin (BCG) and M. avium-intracellulare, but not fast-growing mycobacteria, such as M. smegmatis and M. vaccae. The function of the 19-kDa lipoprotein is still unknown, but its antigenic properties in both humans and mice (such as production of specific antibodies or T cell responses) have been described elsewhere [15] [16] [17] [18] . Moreover, the 19-kDa lipoprotein may activate the innate immune response after binding with pattern recognition receptors, such as TLRs [19] .
In the present study, we analyze (1) (3) the possibility that such cell-death signals may involve the production of proinflammatory cytokines.
The results reported here demonstrate that the 19-kDa lipoprotein is the main antigen involved in M. tuberculosis-induced apoptosis and cytotoxicity through TLR2 during early stages of infection and that this cell-death signal is associated with the release of IL-1b.
MATERIALS AND METHODS

Bacteria.
M. tuberculosis (H37Rv) was the reference strain for all the experiments we performed. The 19-kDa lipoprotein KO mutants of M. tuberculosis H37Rv (M. tuberculosis 19KO) and M. bovis BCG (BCG 19KO) were generated by gene replacement, as described elsewhere [20] . In brief, a mycobacterial suicide vector carrying the counterselectable marker sacB was used to replace the 19-kDa gene with the hygromycin-B phosphotransferase gene of Streptomyces hygroscopicus by homologous recombination. Deletion strains were verified by Southern blot and Western blot. A recombinant M. smegmatis 19 + strain was generated by transformation with a plasmid vector, as described elsewhere [21] . Bacteria were grown in Middlebrook 7H9 broth (Becton Dickinson) at 37ЊC, counted, and stored as aliquots at Ϫ80ЊC until use. For experiments, bacteria were washed and resuspended in RPMI 1640 medium before infection of macrophages. KO and wild-type (wt) strains did not differ in terms of intracellular recovery after infection, as detected by colony-forming unit assay (data not shown).
Expression and purification of the 19-kDa antigen. A recombinant M. smegmatis 19 + strain was grown at 37ЊC in Middlebrook 7H9 broth (Becton Dickinson) supplemented with Middlebrook ADC enrichment and hygromicin B (50 mg/ mL; Sigma). Cells were harvested by centrifugation and subsequently were washed in ice-cold sodium phosphate buffer (10 mmol/L). The pellet was resuspended in 10 mmol/L Tris-HCl, 1 mmol/L EDTA, and 150 mmol/L NaCl; incubated for 24 h with 10 mg/mL lysozyme; and then lysed by 3 sonication cycles for 60 s at 20 KHz under cooling with ice water. Sonicated cells were centrifuged at 25,000 g for 15 min at 4ЊC, and the supernatant, including membranes and cytosolic proteins, was subjected to Triton X-114 partitioning, as described elsewhere [22] . The 19-kDa lipoprotein antigen was then purified from SDS-discontinuous polyacrylamide gels prepared according to standard procedures [23] . Membrane-associated proteins were mixed with an equal volume of reducing sample buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and 0.125 mol/L Tris-HCl [pH 6.75]) and then heated for 10 min at 95ЊC. To obtain a good resolution of proteins with molecular masses close to 20 kDa, a 15% resolving gel was used. Approximately 1 mg of 19-kDa lipoprotein was loaded onto a -mm 100 ϫ 1.5 slot of a 20-cm-long gel, while 2 separate lanes at both sides of the gel were loaded with appropriate molecular weight markers. After electrophoresis, lateral strips were cut from the gel and stained with Coomassie blue to identify the band corresponding to the 19-kDa antigen. The band was excised from the gel and electroeluted for 4 h in a 422-type Electro-eluter (BioRad) by use of a Tris-glycine-SDS buffer (25 mmol/L Tris, 192 mmol/L glycine, and 0.1% [wt/vol] SDS). The protein was then concentrated by use of Centricon YM-10 Centrifugal Filter Units (Millipore) and subjected again to SDS-PAGE, as described above. After electrophoresis, the protein was transferred to nitrocellulose paper, solubilized in DMSO, and precipitated by the addition of an equal volume of carbonate/bicarbonate buffer (0.05 mol/L [pH 9.6]) [24] . The pellet was resuspended in 1 mL of RPMI 1640 medium. The protein concentration was determined by the method of Lowry [25] , with bovine serum albumin (BSA) used as the standard.
Isolation and culture of blood monocytes. Peripheral blood mononuclear cells were isolated from human buffy-coat blood preparations by centrifugation on ficoll-hypaque and suspended at a concentration cells/mL in complete medium (RPMI 6 5 ϫ 10 1640 supplemented with 10% fetal bovine serum, 5 mmol/L lglutamine, and 5 mg/mL gentamicin). Cells were incubated for 1 h at 37ЊC in 10 mL of complete medium in polystyrene, 75-cm 2 tissue-culture flasks (Corning). After incubation, nonadherent cells were removed by washing with warm RPMI 1640 medium. In each experiment, cells from a representative flask were analyzed by flow cytometry using CD14 staining and morphological parameters (forward scatter vs. side scatter), to assess monocyte purity, which was always 185%. Finally, adherent cells were collected by gently detaching them with a cell scraper after 15 min of incubation at 4ЊC in 5 mmol/L EDTA.
Culture conditions and mycobacterial infection. Adherence-purified monocytes were suspended at 10 6 cells/mL and plated out with complete medium in 24-well plates for 24 h. Infection was performed by exposing human monocyte-derived macrophages (MDMs) to the indicated mycobacterial strain for 1 h at an MOI of 20. Thereafter, supernatants were collected for determination of cytokine or lactate dehydrogenase (LDH) levels. Adherent MDMs were detached after a previous incubation with cold PBS at 4ЊC for 10 min, counted by trypanblue exclusion, and analyzed by flow cytometry. In some experiments, 1 mg/mL cytochalasin D (Sigma) was added 1 h before infection, to inhibit phagocytosis of both mutant and wt bacilli. Inhibition of phagocytosis was confirmed by counting colony-forming units after removing extracellular bacilli (data not shown). To evaluate the role of TNF-a or TLR2 in M. tuberculosis-induced apoptosis, MDMs were preincubated for 15 min with neutralizing anti-TLR2 MAb (25 mg/mL; clone 2392, Genentech), neutralizing anti-TNF-a MAb (10 mg/mL; clone 1825, R&D Systems), or IgG1 isotype control (clone 11711.11, R&D Systems). Finally, cells were exposed to 20 bacilli/cell of the indicated mycobacterial strains for further 1 h and collected for analysis by flow cytometry.
Detection of apoptosis and cytotoxicity. Apoptosis in MDMs was verified by different assays. Annexin V staining was performed as described elsewhere [3] . In brief, MDMs were collected; stained for 15 min at 4ЊC with anti-HLA-DR phycoerythrin (PE) MAb (clone G46-6, Becton Dickinson); washed twice with PBS, 0.5% BSA, and 0.1% NaN 3 (Sigma); incubated for 10 min more at room temperature with Annexin V fluorescein isothiocyanate (Boheringer Ingelheim); and suspended in an Annexin V buffer consisting of 10 mmol/L HEPES, 10 mmol/L NaCl, and 2.5 mmol/L CaCl 2 . After incubation, cells were washed twice, fixed by overnight incubation with 1.5% paraformaldehyde in PBS, and then analyzed on a FACScalibur flow cytometer (Becton Dickinson). Nuclear DNA was stained with propidium iodide (PI), as described elsewhere [26] . In brief, cells ( cells/sample) were washed with PBS and 5 5 ϫ 10 resuspended in 500 mL of hypotonic fluorochrome solution (50 mg/mL PI, 0.1% sodium citrate, and 0.1% Triton X-100 [all provided by Sigma]). Cells were then incubated for 30 min at 4ЊC in the dark and fixed with 1.5% paraformaldehyde for 30 min more. Ten thousand cells of each sample were analyzed by flow cytometry. Finally, apoptosis was analyzed by use of a Nucleosome ELISA kit (Oncogene), consisting of a DNA affinity-mediated capture of free nucleosome, followed by antihistone-facilitated detection, in accordance with the manufacturer's recommendations. Mycobacteria-induced cell death was monitored by measuring the presence of LDH in the cell culture supernatant by use of the CytoTox96 kit (Promega), in accordance with the manufacturer's instructions. The percentage of cytotoxicity was calculated as follows: 100 ϫ (experimental releaseϪspontaneous release)/(total releaseϪspontane-ous release), where spontaneous release is the amount of LDH activity in supernatants of uninfected cells, and total release is the amount of LDH activity in MDM lysates.
Cell staining and flow cytometry. To analyze cell-surface expression of TNF receptor (TNFR) 1 and TNFR2, uninfected and M. tuberculosis-infected MDMs were incubated with either anti-TNFR1 MAb (clone 16803, R&D Systems) or anti-TNFR2 MAb (clone 22235, R&D Systems) for 15 min. After 2 washes, cells were fixed in 2% paraformaldehyde and analyzed by flow cytometry. Intracytoplasmatic expression of TNFR1 and TNFR2 was also analyzed as described elsewhere [5] . In brief, cells were fixed by incubation with 4% paraformaldehyde for 5 min, washed twice, and incubated for 1 h at room temperature with either PElabeled anti-TNFR1 or PE-labeled anti-TNFR2 MAb suspended in PBS, 0.5% BSA, 0.1% NaN 3 , and 0.5% Saponin (Sigma). Finally, cells were further washed twice with PBS, 0.5% BSA, 0.1% NaN 3 , and 0.01% Saponin, suspended in PBS, and analyzed by flow cytometry.
Cytokine determination by ELISA. Production of cytokines in the supernatants of uninfected and mycobacteria-infected MDMs was tested by ELISA. Levels of soluble IL-1b, TNF-a, IL-6, interferon (IFN)-g, RANTES, IL-10, and IL-12 were determined by use of antibody pairs, as indicated by the supplier (Endogen). The detection limit was 15.6 pg/mL for all the cytokines tested.
Statistical analysis. Results are expressed as mean ‫ע‬ SEM. The data were analyzed by use of Student's t test for normally distributed data with equal variances. TNF-a-independent, M. tuberculosis-induced apoptosis during the early stages of infection. Previous studies indicated that M. tuberculosis induces apoptosis in MDMs through a TNFa-mediated mechanism [6] . Therefore, we analyzed whether the release of TNF-a depends on the presence of the 19-kDa lipoprotein on the mycobacterial cell wall. As shown in figure 7A , M. tuberculosis and M. tuberculosis 19KO induced similar amounts of TNF-a 1 h after infection. TNFR1 has been implicated to be dominant in TNF-a-induced apoptosis [29] . Moreover, it has been found that the soluble form of TNFR2 inactivates TNF-a during the course of M. tuberculosis infection [30] . To evaluate whether TNFR1 and TNFR2 were modulated after 1 h of exposure to M. tuberculosis, we analyzed their expression by flow cytometry. Figure 7B shows that membrane expression of TNFR1 and TNFR2 was not modified after infection with either M. tuberculosis or M. tuberculosis 19KO. Similar results were obtained analyzing intracellular level of TNFR1 and TNFR2 in brefeldin A-treated MDMs ( figure 7C ). Finally, we analyzed the effect of neutralizing anti-TNF-a antibody on M. tuberculosis-induced apoptosis. As shown in figure 7D , during the early stages of infection with either M. tuberculosis or M. tuberculosis 19KO, apoptosis in MDMs was unaffected by TNF-a neutralization. Taken together, these findings indicate that the early apoptosis observed during the course of M. tuberculosis infection is independent of concurrent production of TNF-a.
RESULTS
Induction of apoptosis in
Induction of release of IL-1b by cell wall-associated 19-kDa lipoprotein. Because we recently reported that M. tuberculosis-induced apoptosis is associated with the production of proinflammatory cytokines through a caspase-1-mediated mechanism [5] , we also analyzed the signal delivered by the 19-kDa lipoprotein in terms of proinflammatory and anti-inflammatory cytokine release. The results showed that, 1 h after mycobacterial exposure, the release of IL-1b, IL-6, TNF-a, RANTES, IFN-g, and IL-10, but not of IL-12 p70, increased significantly (table 1) . However, only production of IL-1b was significantly decreased after infection with 19KO strains. These results suggest that the 19-kDa lipoprotein is also a crucial signal for inducing the release of IL-1b during early stages of mycobacterial infection.
DISCUSSION
The very early phase of interaction between M. tuberculosis and human MDMs is crucial for the outcome of the infection. During the course of this interaction, MDMs can be activated [1] or can have decreased antigen-presenting capabilities [31] and undergo apoptosis [2, 3] , depending on the MOI. The results reported here were obtained by infecting cells with high amounts of virulent mycobacteria. The present experimental model can resemble the macrophage response that occurs in the presence of high bacterial load, such as that observed during the course of HIV infection. In fact, the number of bacilli increases in the lungs of HIV-infected patients with tuberculosis [32] , and an increase in the apoptotic alveolar macrophages was observed in patients with AIDS with disseminated pulmonary tuberculosis, compared with patients who had tuberculosis only [2] .
The 19-kDa lipoprotein is primarily associated with the M. tuberculosis cell wall [33] and can be released in medium during in vitro culture and in intracellular compartments during infection [34] . Although the 19-kDa lipoprotein presents immunogenic properties, such as induction of specific antibodies [15] and T cell-mediated responses [17] , it has also been described to negatively interfere with the antigen-presenting function of macrophages [35] . Moreover, the M. tuberculosis 19-kDa lipoprotein inhibits IFN-g-regulated HLA-DR and FcgR1 on the THP-1 cell line, starting from 24 to 72 h [36] . In our previous studies, we showed that preincubating M. tuberculosis with anti-19-kDa lipoprotein MAb reduced the ability of bacilli to induce apoptosis after infection of human MDMs [12] . Here, we have shown that the mycobacterial 19-kDa lipoprotein induces apoptosis in human MDMs in a dose-dependent manner, extending previous results showing that the 19-kDa polypeptide, which lacks an acylation signal, is sufficient to induce cell death of macrophages and the THP-1 cell line [13] . However, it has not yet been investigated whether 19-kDa lipoprotein KO mycobacteria are still able to induce apoptosis. In this regard, a relatively lower virulence of naturally mutated M. tuberculosis strains that do not express the 19kDa protein has been described in an in vivo murine model of M. tuberculosis infection [37] . Because it has been reported that, within the M. tuberculosis complex, the 19-kDa gene was found to be conserved [38, 39] , the present study aimed to determine the relevance of the mycobacterial 19-kDa lipoprotein in induction of apoptosis. We demonstrated that, after infection with 19KO M. tuberculosis and BCG, MDM cell death was reduced (by nearly 70%), compared with apoptosis induced by wt strains. Moreover, when the M. tuberculosis 19-kDa lipoprotein was expressed in M. smegmatis, a mycobacterium strain that normally does not induce apoptosis, recombinant bacilli acquired the ability to cause cell death in a dose-dependent manner. Together, these results show that 19-kDa lipoprotein represents the main proapoptotic signal during the early stages of infection with high numbers of mycobacteria. Furthermore, these results suggest that apoptosis in macrophages may contribute to the anergic status observed in the course of high bacterial load and disseminated mycobacterial infection.
Previous studies established that M. tuberculosis-induced apoptosis in macrophages depends on the induction of production of TNF-a [6] . It was later found that cytosolic phospholipase A 2 participates with TNF-a in the activation of caspase-3 and, hence, initiation of apoptosis [8] . Finally, differences in induction of apoptosis between virulent M. tuberculosis H37Rv and avirulent M. tuberculosis H37Ra have been reported to be inversely related to the production of soluble TNFR2 [30] . The findings of the present study show that a rapid death signal can be induced by the 19-kDa lipoprotein without the involvement of TNF-a and its receptors and suggest that an additional early mechanism exists through which M. tuberculosis induces apoptosis in MDMs. Such a mechanism depends on the amount of 19-kDa lipoprotein or bacilli, is mediated by TLR2, and is independent of phagocytosis. The results reported here extend, in a model of infection, previous data showing how bacterial lipoproteins [28] and the 19-kDa polypeptide [13] induce apoptosis in macrophages through TLR2. Furthermore, the activation of Schwann cells with a polypeptide comprising the functional N-terminal portion of the putative M. leprae 19-kDa lipoprotein has been reported to induce apoptosis through a TLR2-mediated mechanism [14] . TLR2 ligation has been often associated with inflammatory response through the activation of NFkB during the course of mycobacterial infection [19] . Our results suggest that, when the bacterial load exceeds a threshold, TLR2 mediates the cell-death signal. Such a dichotomic response can be due to the involvement of the adaptor molecule myeloid differentiation factor 88, after which the signaling bifurcates to activation of either caspase [10] or NF-kB [19] . We have recently shown a progressive increase of TNF-a and IL-1b inside apoptotic cells during the course of M. tuberculosis infection [5] . To identify which cytokines were affected by apoptotic signals delivered by the 19-kDa lipoprotein, we analyzed the production of a panel of cytokines involved in innate and adaptive antitubercular immune responses. Our results show that only the release of IL-1b was affected by the 19-kDa lipoprotein TLR2 signal. This result is in agreement with the observation that caspase-1 is involved in apoptotic pathway induced by M. tuberculosis [5, 40] , because this protease is the prototypical caspase, which was originally identified as an IL-1b-converting enzyme [41] .
The role of pathogen-induced apoptosis in the context of immune response is still controversial [42] . Shaible et al. [43] considered infection-induced cell death to be a crucial step in cross-priming of CD8 T cells during tuberculosis. Our results suggest that, for a rational design of new recombinant BCG vaccine, expression of the 19-kDa lipoprotein could be a way to augment apoptosis in phagocytes.
